Abstract: Objectives: Functional neuroimaging and voxel-based morphometry studies have confirmed the important role of the cerebellum in motor behavior. However, little is known about the relationship between cerebellar gray (GMv) and white matter (WMv) volume and manual motor performance in aging individuals. This study aims to quantify the relationship between cerebellar tissue volume and manual motor performance. Experimental design: To gain more insight into cerebellar function and how it relates to the role of the primary motor cortex (M1), we related cerebellar GMv, WMv, and M1v to manual motor performance in 217 healthy older individuals. Left and right cerebellar GMv and WMv, and M1v were obtained using FreeSurfer. The following motor measures were obtained: grip force, tapping speed, bimanual visuomotor coordination, and manual dexterity. Principal observations: Significant positive relationships were observed between cerebellar GMv and WMv and grip strength, right cerebellar WMv and right-hand tapping speed, right cerebellar WMv and dexterity, M1v and grip strength, and right M1v and left-hand dexterity, though effect sizes were small. Conclusions: Our results show that cerebellar GMv and WMv are differently associated with manual motor performance. These associations partly overlap with the brain-behavior associations between M1 and manual motor performance. Not all observed associations were lateralized (i.e., ipsilateral cerebellar and contralateral M1v associations with motor performance), which could point to age-related neural dedifferentiation. The current study provides new insights in the role of the cerebellum in manual
INTRODUCTION
Studies that have investigated the association between aging and motor performance in healthy adults have reported that age-related atrophy of motor cortical regions and the cerebellum is associated with balance and gait deficits, timing, coordination problems, and slowing of movement [Bernard and Seidler, 2013b; Manto et al., 2012; Seidler et al., 2010] .
However, neuroimaging studies that have reported how cerebellar volume in healthy adults correlates with behavior [Allin et al., 2001; Bauer et al., 2009; Hellwig et al., 2013; Hogan et al., 2011; Lojkowska et al., 2013] and how it is affected by aging [Bernard and Seidler, 2014; Hoogendam et al., 2012; Luft et al., 1999; Raz et al., 1998; Sullivan et al., 2000] have mainly focused on the volume of relatively large regions of interest such as hemispheres, lobes, and lobules, and often did not differentiate between volume of gray and white matter [Allin et al., 2001; Balsters et al., 2010; Bauer et al., 2009; Bernard and Seidler, 2013b; Diedrichsen et al., 2009; Hellwig et al., 2013; Luft et al., 1999; Raz et al., 1998; Richter et al., 2005] .
The few studies that have examined cerebellar gray and white matter volume almost exclusively looked at the association between volume and age [Hoogendam et al., 2012; Jernigan et al., 2001; Walhovd et al., 2005] , cognition [Hogan et al., 2011] , or differences in tissue class volume between healthy control subjects and patients with cerebellar disorders [de Zeeuw et al., 2012; Dennis et al., 2004; Hong et al., 2002; Keuthen et al., 2007; Sullivan et al., 2000] . To date, only three studies have looked at the association between cerebellar gray matter volume and motor performance [Bernard and Seidler, 2013a; Hoogendam et al., 2014; Nadkarni et al., 2014] . These studies -that investigated different populations with different sets of motor tasks-have not provided conclusive evidence on the association of cerebellar gray and white matter volume on motor performance. Two of these studies reported relationships between cerebellar gray matter volume, manual sensorimotor functioning [Bernard and Seidler, 2013b] , and gait speed [Nadkarni et al., 2014] , while the third did not observe associations between measures of fine motor performance required to draw an Archimedes spiral and either cerebellar gray or white matter volume [Hoogendam et al., 2014] . Except for the latter, no studies have investigated how cerebellar white matter volume is associated with motor functioning, although associations have been reported on cerebellar white matter microstructural integrity and motor coordination [Roberts et al., 2013] and motor learning [Della-Maggiore et al., 2009] . In addition, volume of white matter lesions in cerebral locations (i.e., around the ventricles) has been associated with motor measures such as gait speed [Soumare et al., 2009] . Distinguishing between gray and white matter volume in the association between cerebellar volume and motor function could yield new insights into the role of the cerebellum in motor control.
To investigate the association between cerebellar morphology, age, and manual motor performance we related left and right cerebellar gray and white matter volume with performance on several unimanual and bimanual tasks in a group of 217 healthy older adults. The cerebellum and motor cortex play different roles in motor behavior. Whereas the cerebellum regulates coordination and timing [Koziol et al., 2014] the primary motor cortex is involved in the planning and execution of voluntary movement [Scott, 2008] . Furthermore, the association between motor performance and region can be affected by aging, because cerebral and cerebellar gray and white matter volume show differential decline with accumulating age [Hoogendam et al., 2012] . To gain a better understanding of the role of the cerebellum in manual motor performance in old age and how it relates to that of the primary motor cortex, we investigated both cerebellar gray and white matter tissue volume and primary motor cortex volume. By investigating cerebellar tissue volume in a large group of healthy older adults our measurements will not be confounded by atrophy that results from neurological or psychiatric diseases. We predicted that cerebellar and motor cortex volumes are negatively associated with age, and that both gray and white matter cerebellar volume and motor cortex volume are positively associated with motor performance.
METHOD Participants
For the current study, we used complete data of 217 subjects from the first time point of the longitudinal healthy aging brain (LHAB) database, a population-based study conducted at the International Normal Aging and Plasticity Imaging Center in Z€ urich, Switzerland [Z€ ollig et al., 2011] . All subjects were recruited through advertisements in local newspapers and at the end of public lectures by L.J. Subjects were included if they were 65 years of age or older, right-handed, fluent in German, if they had a mini mental state examination score >26 to exclude any potential demented subjects, and passed magnetic resonance imaging (MRI) safety standards. Exclusion criteria that were not specific for the current analyses, but were set for the LHAB study in general encompassed neurological and psychiatric diseases, diseases of the hematopoietic system, traumatic brain injury in the two years preceding participation, migraine, diabetes, and tinnitus.
The current study was approved by the ethical committee of the canton of Zurich. Written informed consent was obtained from all participants.
Image Acquisition
Multisequence MRI was performed on a 3T Philips Ingenia MRI scanner with a 15-channel head coil, located at the University Hospital Zurich, Switzerland. We collected two T1-weighted Ultrafast Gradient Echo 3D (TFE; turbo field echo) images (TR 5 8. 
Image Preprocessing
The following software packages were used for analyses: FMRIB Software Library (FSL), version 5.0.1; FreeSurfer v5.3.0. All data were transferred onto a computer cluster running Red Hat Enterprise Linux release 6.4.
The portion below the cerebellum, at Z 5 80, was automatically stripped from all of the T1 weighted images. Results were inspected to verify that no brain was stripped off. Stripping was done to improve averaging of the T1 weighted image pairs that was performed using FSL's AnatomicalAverage. Inhomogeneity correction was applied to the averaged T1 weighted and the T2 weighted images using N4ITK [Tustison et al., 2010] . The correction was applied within a subject and sequence-specific brain mask created using FSL's Brain Extraction Tool [Smith, 2002] with robust brain center estimation and a fractional intensity threshold of 0.15.
Cerebellar and Motor Cortex Segmentation
Cerebellar left and right gray and white matter volume and left and right motor cortex volumes were obtained using FreeSurfer. Figure 1 shows the cerebellar segmentation of one random subject. Both the average T1 image and the T2 image were fed into FreeSurfer's default pipeline: this fully automated procedure assigns a neuroanatomical label to all voxels of the T1-weighted image based on information from a manually labeled training set [Fischl et al., 2002; Fischl et al., 2004] . FreeSurfer uses the T2 image for refinement of the pial surface. For intracranial volume (ICV), we used FreeSurfer's estimated total ICV (eTIV). eTIV is an estimation of a subject's total ICV that is derived by calculating the volume expansion/contraction (the "shrink factor") required to register the subject's brain into an atlas template, and subsequently dividing the volume of the atlas ICV by the shrink factor . eTIV has been shown previously to be highly correlated (r 5 0.93) with manual measures of total ICV .
Motor Behavioral Tasks
Motor performance was measured with four tasks that are sensitive to cerebellar function [Meindl et al., 2012 ; shows a three-dimensional representation of the cerebellar gray in orange semitransparent dark blue, and cerebellar white matter in light blue. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Miall and Christensen, 2004; Miall et al., 2001; Witt et al., 2008] . These tasks yielded the following outcome measures: (a) grip force, (b) maximum tapping speed, (c) bimanual visuomotor coordination, and (d) manual dexterity and motor speed. a. Grip force was measured in kilograms using a hydraulic hand dynamometer (Model SH5001, Saehan Corporation, Korea) [Podell, 2010] . Participants were instructed to sit upright, with their feet positioned flat on the ground, their shoulders in a neutral position, their elbow in a 90 flexion, their forearm in a neutral position and the wrist in an extension of 0 -30 . Data were collected for both the right and left hand with a 30 s break between measurements. Participants were asked to apply their maximum grip force and to keep it steady for 4 s. Both left and right hand was measured three times. If the third measurement was the largest of the three, data collection continued until the final measurement was smaller than the previous one. Mean grip force was calculated for the three highest measurements. b. Left-and right-hand motor tapping was measured using the digital tapping test from the Vienna Test System [Schatz, 2010; Schoppe and Hamster, 2011] . Participants were asked to tap as many times as possible on a 4 3 4 cm metal plate within 32 s using a pen-like device held in their right hand and subsequently to repeat this with their left hand. c. Bimanual visuomotor coordination was measured using the two-hand coordination test from the Vienna Test System [Schufried, 2011] . The test requires participants to navigate a red dot on a computer screen along a track using two joysticks simultaneously: one joystick controls up-down movement, the other joystick controls left-right movement. Participants completed two practice trials and subsequently four actual trials during which the following information was obtained: mean time used to finish the track (in seconds), and total error duration (time that participants were off track) as percentage of the total duration. d. Manual dexterity and motor speed were measured with the grooved pegboard test (Lafayette Instruments, Lafayette, IN) [Merker and Podell, 2010] . For the grooved pegboard test, participants had to put metal keyhole shaped pegs in a board with keyhole shaped holes (5 columns 3 5 rows) in various orientations, as fast as possible. Participants completed the test twice: once with their left hand, starting from right to left, and once with their right hand starting from right to left. Total time needed to fill all 25 holes in the board was recorded.
Confounding Factors
The following factors that have been associated with brain volume and aging were collected for all participants:
sex [Luders and Toga, 2010] , diastolic and systolic blood pressure [Beauchet et al., 2013; Ikram et al., 2008; Pinto, 2007] , smoker status [Debette et al., 2011; Ikram et al., 2008] , and years of education [Coffey et al., 1999] . Blood pressure was measured using an electric hemodynamometer (Model M6, HEM-7211-E; Omron Corporation, Kyoto, Japan). Participants were asked to sit quietly with their left forearm held stable on a table. A cuff was attached to the participants' left arm and the measurement was conducted automatically. Blood pressure was measured three times over the day of the behavioral testing session. Selfreported smoker status (current smoker/nonsmoker) and years of education were obtained from questionnaires.
Data Analysis
Measures of visuomotor coordination, performance, and error were square-root transformed because of skewness of the untransformed measures. Outliers of both dependent and independent variables were defined as values three standard deviations below or above the mean. Subjects with outliers in outcome measures or predictor variables were excluded from analysis. Multivariate analysis of covariance (MANCOVA) adjusted for age and sex was used as an omnibus test to test the relationship between either left or right cerebellar gray and white matter and the combined set of motor performance measures. General multivariate linear models were used to explore the associations between cerebellar volume and age, gender, and motor performance. All models were adjusted for ICV, sex, age, smoker status, and diastolic blood pressure. The analysis of the association between cerebellar volume and motor performance was subsequently adjusted for years of education. To test if there was a quadratic relationship between cerebellar or motor cortex volume with motor performance, we additionally ran models in which we included both volume and volume-squared. Eta-squared (g 2 ) is reported as an effect-size measure [Levine and Hullett, 2002; Olejnik and Algina, 2003; Richardson, 2011] . Alpha levels were set at P 5 0.05 for all analyses. To prevent Type-II errors [Perneger, 1998 ], we report P-values unadjusted for multiple comparisons, although we additionally discuss the impact of multiple comparisons correction on our work in the discussion section. Stata Statistical Software: Release 13 was used for data analysis (StataCorp LP, College Station, TX: StataCorp. 2013).
RESULTS
Population characteristics are presented in Table I . The mean age of the participants was 70.7 years and ranged from 64 to 87.
Cerebellar left and right gray and white matter volume as well as left and right primary motor cortex volume significantly linearly decreased with accumulating age (see Table II and Fig. 2 ). MANCOVAs multivariate test statistic r Cerebellar Volume and Fine Motor Performance r r 2355 r (i.e., Wilks' lambda) revealed that there were significant associations between left cerebellar gray matter volume and motor performance k 5 0.89, F(1, 161) 5 2.20, P 5 0.025 and right cerebellar gray matter volume and motor performance k 5 0.88, F(1, 162) 5 2.37, P 5 0.015. The omnibus test did not show significant associations between the combined motor performance measures and right or left cerebellar white matter. Larger cerebellar and motor cortex volumes were linearly associated with better performance on several motor tasks: Left-and right-hand grooved pegboard performance was associated with right cerebellar white matter volume (see Table III and Fig. 3 ). Left-hand grooved pegboard performance was furthermore linearly associated with right motor cortex volume. Right-hand tapping rate was significantly linearly associated with right cerebellar white matter volume. Right-hand grip strength was significantly predicted by all volumetric outcome measures, except for right cerebellar white matter volume. Left-hand grip strength was only significantly associated with right cerebellar gray matter volume.
There was a significant negative quadratic (inverted U) relationship between left motor cortex volume and lefthand grooved pegboard score (see Table IV ). Both left and right cerebellar white matter volume showed a significant negative quadratic relationship with left-hand pencil tapping. Right cerebellar white matter volume had a significant positive quadratic relationship with visuomotor coordination test duration and a significant negative quadratic relationship with left-hand grip force.
DISCUSSION
In line with our hypothesis, we observed significantly smaller left and right cerebellar gray and white matter and primary motor cortex volumes with older age in a sample of healthy older adults. The size of the effect of age on volume was medium [Richardson, 2011] , although the effect of age on primary motor cortex volume was somewhat larger than the effect of age on the cerebellar gray and white matter. In these elderly participants, larger cerebellar gray and white matter volume and primary motor cortex volume was associated with better manual motor performance, though the effects were small in size [Richardson, 2011] . The magnitude of effect of cerebellar gray and white matter volume and motor cortex volume on motor behavior was similar.
The observed association between cerebellar gray and white matter volume and age [Hoogendam et al., 2012; Jernigan et al., 2001; Walhovd et al., 2005] , and motor cortex volume and age are in line with previous imaging studies that reported similar findings. In addition, our results correspond with a stereological study on cerebellar cortical and white matter volume. This study used postmortem brains from 19 subjects aged 19-84 years and calculated tissue class volumes by summing up the tissue class volume in consecutive coronal cerebellar slices using the Cavalieri method and point counting [Andersen et al., 2003] . The results showed a decline in global cerebellar volume with age that was due to white matter loss and volume loss of the Purkinje cells and granule cells.
We observed linear and quadratic associations between cerebellar gray and white matter volume and primary motor cortex volume with several measures of manual motor performance. Interestingly, although the motor cortex controls the contralateral side of the body, and the cerebellum controls the ipsilateral side of the body, not all associations between volume and motor function that we [Carp et al., 2011] the laterality was less pronounced in this elderly group of subjects, although we could not formally test this because we did not include a group of younger adults. Carp et al. showed that motor distinctiveness is reduced in older adults in several motor control areas, including the primary motor cortex, the supplementary motor area, the insula, and the cerebellum. This corroborates with our results showing both contralateral as well as ipsilateral (marginally) significant associations between motor cortex and cerebellar gray and white matter volumes and grip strength [Bernard and Seidler, 2012] . Future studies that investigate cerebellar volume in relation to motor function should include adult participants over the whole age range to be able to verify potential age related neural dedifferentiation in cerebellar structural-functional relationships. Although no studies have related motor functioning to the volume of the cerebellar tissue class volume per hemisphere, or whole primary motor cortex volume, several of our results are supported by fMRI, positron emission tomography (PET), and voxel-based morphometry (VBM) studies.
The positive association between cerebellar gray matter volume and grip force that we observed is in consonance with previous functional MRI studies that reported widespread activation in the cerebellum specific to force amplitude and force rate [Spraker et al., 2012] , and increases in activation during the production of increased grip force [Keisker et al., 2009; Noble et al., 2011; Pope et al., 2005; Sulzer et al., 2011] . The fact that grip force was associated with gray matter volume of the bilateral cerebellum and r Cerebellar Volume and Fine Motor Performance r r 2357 r motor cortex is in line with an fMRI study that showed revealed activation in the bilateral cerebellum and primary motor cortex that was related to force in a precision grip task [Sulzer et al., 2011] . Although, lesion studies have linked grip force to the cerebellum [Anens et al., 2010; Muller and Dichgans, 1994] , no quantitative structural MRI studies have explored the association between grip force and cerebellar tissue volume. In the current study, grip strength was also associated with cerebellar white matter volume and motor cortex volume, suggesting that grip strength is a complex behavior that is mediated by multiple interconnected brain regions, which corroborates with fMRI studies that showed activation in cortical and cerebellar regions during generation of grip force [Ehrsson et al., 2000; Spraker et al., 2012] . Furthermore, an fMRI study revealed that compared to younger adults, older adults recruit more brain regions, including the cerebellum, to control grip force magnitude [Noble et al., 2011] .
Our observed association between right cerebellar white matter volume and left and right-hand motor speed and dexterity measured with the grooved pegboard test has not been described before. It could be that less white matter cerebellar volume represents lower qualitative connections with other brain regions resulting in worse performance [Hugenschmidt et al., 2008] . This idea is further supported by a recent study that showed myelin levels, albeit in frontal regions, was strongly correlated with maximum manual motor speed [Bartzokis et al., 2010] . Whether myelin levels in other brain regions such as the cerebellum were also associated with manual motor performance was not evaluated. Previous studies did observe an association between local cerebellar gray matter volume and manual dexterity. A VBM study in 14-year olds revealed a significant positive association between gray matter density in the cerebellum and manual dexterity measured using the Purdue pegboard test [K€ uhn et al., 2012] . Male, but not female professional keyboard players showed to have a larger cerebellum than nonmusician control subjects [Hutchinson et al., 2003] . PET imaging in boys suffering from muscular dystrophy showed impaired manual dexterity and regional brain glucose hypometabolism in regions including the bilateral cerebellum [Lee et al., a These measures were square root transformed to accommodate for the skewness of the untransformed measure. *All analyses are adjusted for FreeSurfer's estimated total ICV (eTIV), age, gender, diastolic blood pressure, smoker status, and years of education. CI, confidence interval; b vol 5 increase in 1 unit of the task outcome per 1 ml increase in volume. GPB, Grooved pegboard test; VMC, visuomotor coordination test; cGM, cerebellar Gray Matter; cWM, cerebellar white matter; M1, primary motor cortex. [Bernard and Seidler, 2013b] , and activation in the intermediate and lateral portions of the anterior cerebellum during bimanual and unimanual movements [J€ ancke et al., 1999; Koeneke et al., 2004] . The fact that we did not observe an association between hemispheric cerebellar gray matter volume and pegboard performance might be because our wholehemisphere approach may not be sufficiently sensitive to pick up small local volume-behavior associations.
We observed that right cerebellar white matter volume was associated with tapping performance of the left and right hand, and that left cerebellar white matter volume was associated with tapping performance of the left hand. Previous studies have reported associations between motor tapping and cerebellar gray matter, but not white matter volume. A meta-analysis of 38 fMRI studies reported activation in the anterior cerebellum during finger tapping [Witt et al., 2008] . A recent study conducted in our lab revealed an association between tapping variability and volume of the vermis and anterior cerebellum in healthy younger and older adults [Bernard and Seidler, 2013b] .
Most studies that revealed associations between the cerebellum and motor performance focused on the regions of interest that mainly included gray matter, used VBM, or used fMRI that focuses on the activity in the gray matter, and did not focus on macrostructural cerebellar white matter changes. Besides associations between cerebellar hemispheric gray matter volume and motor performance, we observed several associations between cerebellar hemispheric white matter and motor performance, suggesting that in addition to gray matter volume, the structural connectivity between the cerebellum and other brain regions Scatterplots with linear fit lines of relationships between gray matter cerebellar volume/motor cortex volume and manual motor performance. Only significant associations are plotted (see Table III ). The y-axis shows normalized (z-scores) residual scores of manual motor performance. Residual scores were obtained by regressing out the effect of age, sex, education, diastolic blood pressure, and ICV. The x-axis shows normalized (zscore) values of the volumetric measures. Red lines depict linear trend lines. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] plays a major role in dexterity, grip strength, and tapping performance. Previous studies have observed a decline in microstructural integrity of the cerebellar white matter with aging, while others reported associations between white matter microstructural integrity of the cerebellum and gait and balance [Bernard and Seidler, 2014] . Whether microstructural white matter integrity in the cerebellum is also related to fine motor performance has yet to be determined, but is likely, considering the association between white matter macrostructure and motor behavior that we observed, and the previously reported association between microstructural white matter integrity and white matter atrophy [Hugenschmidt et al., 2008; Vernooij et al., 2008] . Furthermore, only cerebellar white matter, but not gray matter, showed quadratic relationships with motor performance. This could indicate that a larger white matter volume does not necessary result in better function, but rather that there is an optimum, potentially reflecting a more efficient neural organization [Hanggi et al., 2014] . This is difficult to validate as other studies that investigated the relation between regional brain volume and performance have used linear models. Future studies, preferably in healthy adults are warranted to test this hypothesis.
We are aware that our study has some limitations that need to be addressed. The analyses of the association between manual motor performance and cerebellar tissue class volume have not been corrected for multiple comparisons. However, all significant effects pointed in the expected directions (i.e., larger volumes relate to better performance), and even though these effects are small to moderate, it is striking to see that after controlling for the effect of age, gender, diastolic blood pressure, smoker status, and years of education, cerebellar volume still predicts motor performance. Correction for multiple comparisons could prevent Type I errors, while at the same time result in Type II errors [Perneger, 1998 ]. Because of paucity of studies investigating the association between cerebellar volume and manual motor performance we believe it is important to report these unadjusted results because they could aid in our understanding of cerebellar functioning. Additionally, use of suboptimal algorithms segmentation for cerebellar tissue might have weakened the associations between cerebellar tissue volume and manual motor performance. The cerebellum has narrow gyri or "folia." The white matter branches at the end of the folia can be smaller than 0.5 mm [Diedrichsen et al., 2009] . The T1 MRI sequence that we used has a voxel size of 1 mm 3 . Because of the subvoxel resolution of cerebellar tissue, it is not possible to separate the gray and white matter in the cerebellum at the voxel level [Marques et al., 2010] . The FreeSurfer software that we used uses a binary cerebellar tissue class segmentation that only takes into account the partial volume effect of bordering gray/white matter voxels. Differential misclassification of gray and white matter may have acted as bias in the association between cerebellar tissue volume and manual motor performance. Replication studies are necessary to validate our results. Furthermore, this study is cross-sectional, and therefore, we cannot investigate causal relationships between cerebellar tissue class volume, aging, and manual motor performance. The current study is embedded in an ongoing prospective longitudinal study with yearly follow up [Z€ ollig et al., 2011] , and therefore, we will have longitudinal volumetric and behavioral data at our disposal in the near future that will help us answering questions about causality. A strength of our study is the combination of volumetric cerebellar tissue class volumes and motor behavioral measures of a large number of healthy older subjects. Up until now, most studies that related cerebellar volume to manual motor performance have been conducted in patient populations [Allin et al., 2001; Dennis et al., 2004; Horsk a et al., 2010; Richter et al., 2005] and not in large samples of the general or healthy elderly population. The two studies that did combine cerebellar volumetrics and manual motor performance data either had a much smaller sample size than the current study [Bernard and Seidler, 2013b] , or only investigated one test of fine motor performance [Hoogendam et al., 2014] . The unique combination of cerebellar volumetry and multiple measures of manual motor performance in a relatively large sample of healthy older adults provides new insights in the association between cerebellar tissue class volume and manual motor performance. An additional strength is that we specifically looked at associations between white matter volume and motor behavior, as most studies focus on focal and global gray matter cerebellar volume, or activation in the gray matter of the cerebellum using fMRI.
Conclusion
Gray and white matter cerebellar tissue volume and motor cortex volume is very strongly related to age in a group of healthy older adults, suggesting degeneration of the cerebellum and motor cortex with accumulating age. In addition, cerebellar gray matter and white matter are differently associated with manual motor function, and these associations partly overlap with the brain-behavior associations of the primary motor cortex and motor function. Regardless of age, left and right cerebellar gray matter volume and motor cortex volume is associated with grip force and manual dexterity in healthy older adults, which may indicate that widespread cerebellar regions are involved in these motor functions. Furthermore, left and right cerebellar white matter volume was associated with grip force, manual dexterity, visuomotor coordination, and hand tapping, validating the importance of corticocerebellar connections in the performance of these motor functions. Not all associations that we observed in this group of older adults showed ipsilateral cerebellar-performance or contralateral motor cortex-performance relationships, which may be the result of previously described neural dedifferentiation with aging.
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